The geometrical similarity of helicoidal fiber arrangement in many biological fibrous extracellular matrices, such as bone, plant cell wall or arthropod cuticle, to that of cholesteric liquid mesophases has led to the hypothesis that they may form passively through a mesophase precursor rather than
by direct cellular control. In search of direct evidence to support or refute this hypothesis, here, we studied the process of cuticle formation in the tibia of the migratory locust, Locusta migratoria, where daily growth layers arise by the deposition of fiber arrangements alternating between unidirectional and helicoidal structures. Using FIB/SEM volume imaging and scanning X-ray scattering, we show that the epidermal cells determine an initial fiber orientation from which the final architecture emerges by the self-organized co-assembly of chitin and proteins. Fiber orientation in the locust cuticle is therefore determined by both active and passive processes.
Main text
The orientation of fibers in extracellular matrices (ECM), skeletal and connective tissues strongly affects their physical properties, which in turn determines morphogenesis, cell adhesion and functionality (1) . Fiber orientation therefore needs to be spatially and temporally controlled by the tissue that produces the ECM (e.g. refs [5] [6] [7] . For many biological systems it is however still unclear how the control over fiber orientation is achieved. Biological fibrous materials, such as bone, plant cell wall, and arthropod cuticle, are often described as liquid crystal (LC) analogues as they exhibit geometrical similarity to LC, but are solid in their functional state (2) . In unidirectional fiber arrangement (analogous to nematic LC) sheets made of parallel fibers are stacked on top of each other with the same orientation, whereas in the helicoidal arrangement, also termed twisted plywood or Bouligand structure (analogous to cholesteric LC) the orientation of the fibers in successive sheets is continuously rotating (2) . Both types of fiber orientations can be found in arthropod cuticle made of α-chitin fibers embedded in a protein matrix. They are also present in plant cell walls made of cellulose fibers embedded in a mixed matrix of hemicellulose and lignin, and in mineralized or unmineralized collagen based tissues in vertebrates (2) (3) (4) .
Furthermore, many biomacromolecules and biological crystals, amongst them, hemicellulose, cellulose, chitin, collagen and silk have been demonstrated to form LC phases in vitro (reviewed in (5) ). These observations have led to the hypothesis that fibrous biological materials organize by molecular self-assembly via a liquid mesophase precursor that subsequently solidifies by dehydration and cross-linking (2, (6) (7) (8) . Self-assembly is thought to be facilitated by matrix components such as hemicellulose in the case of plant cell wall or proteins in the arthropod cuticle (3) . The latter is supported by molecular genetics studies in several insects species showing modified fiber organization, often with lethal phenotypes, following a genetic knockdown or silencing of certain cuticular proteins (9) (10) (11) (12) (13) .
In contrast, evidence for cell-directed fiber organization and for the transfer of mechanical stresses from the cytoskeleton into the ECM, as observed in fibroblasts tissue culture (14) , calls the general self-assembly hypothesis into question. In an attempt to reconcile self-assembly and cellular control mechanisms for ECM deposition, Bouligand (15) suggested that cell membranes could create strong boundary conditions that influence fiber organization and self-assembly. Neville (16) suggested a twomodel system with varying degree of cellular control in the deposition of unidirectional and helicoidal architectures in insect cuticle based on the bilateral symmetry of the former and bilateral asymmetry (the helicoids are always left handed) of the latter. How this is achieved, is the subject of this work.
We studied the circadian clock regulated cuticle deposition in the locust, Locusta migratoria. In this species, endocuticle formation involves alternating deposition of non-lamellate layers of unidirectional fiber arrangement during the day and lamellate cuticle made of twisted plywood structure during the night. ( Fig. 1) (17) . By means of 2D and 3D machine learning analysis of focused ion beam -scanning electron microscopy (FIB/SEM) volumes and high-resolution scanning X-ray scattering methodologies, we show that epidermal cell surface structure and chitin-protein coassembly determine fiber architecture in the Locust cuticle.
Results and discussion
The innermost part of the procuticle of L. migratoria, termed endocuticle, is deposited by a single layer of epidermal cells that secrete the cuticle's components into a 0.5-1 µm wide "assembly zone" (18) . Chitin is synthesized and secreted by a transmembrane enzyme, chitin synthase, located within "plaques" at the tips of microvilli emerging at the apical cell surface ( Fig. 1F ). Cuticular proteins are proposed to be delivered to the assembly zone by vesicles (18) . We imaged the deposition zone in hind tibia cuticle collected during either "day" or "night" conditions (hereafter termed Day or Night samples, respectively) using FIB/SEM volume imaging in order to determine the spatial relationships of the microvilli with respect to each other, to the fibers within the assembly zone and within the cuticle, and to the cuticle surface ( Fig 2) . For segmentation and quantification we implemented a three-dimensional machine learning (3D-ML) algorithm using a U-shaped, 3D fully convolutional networks as proposed recently (19) . Cryofixed resin embedded Day and Night samples show differences in the microvilli structure and organization ( Fig. 2 ). In Night, we mainly observed individual microvilli structures containing a single plaque, but occasionally no more than two microvilli are seen merged ( Fig. 2A-D) . In Day, the bases of 2-4 microvilli, each containing a single plaque at its tip, are merged to form ridges of around 300 nm ( Fig In order to determine the microvilli organization over large areas (hundreds of microns) we prepared samples using traditional chemical fixation methods and osmium staining (see methods for details) followed by resin embedding. These samples are overstained and the images contain less details (Supplementary Information Fig. 2 ), which facilitates automatic image analysis using two-dimensional machine learning (2D-ML) networks (20) . In both Day and Night samples cell surface regions containing microvilli extend over several cells, but the spatial organization of the microvilli differs substantially between the two conditions (Supplementary Information Fig. 2 However, in that case they are elongated over several microns (21) .
The preservation of the assembly zone in cryofixed resin embedded sections allowed determining the thickness and the orientation of the freshly deposited fibers in 3D. Using FIB/SEM data we determined fiber-bundle thickness of around 20 nm. However, inspecting 100 nm thin sections using Transmitted Electron Detector (TED) in the FIB/SEM we also observed thinner fibers around 5 nm (Supplementary Information Fig. 4 ). In both Day and Night samples the fibers/fiber bundles assume parallel orientation with respect to the cuticle and the cell surface. The fibers/fiber bundles are stacked on top of each other (in the radial direction) with a slight lateral shift, giving the false appearance of oblique fibers protruding from the microvilli towards the cuticle when viewed in 2D in the (rt) plane (Supplementary Information Fig. 4 ). We speculate that the microvilli are dynamic structures that move laterally in the (tz) plane while depositing the chitin fibers.
The fibers long axes in the Day samples are parallel to the microvilli ridges long axes ( Fig. 2H and L).
In Night samples, we observe a narrow distribution of fiber orientation around three dominant orientations that seem to reflect the packing pattern of the microvilli ( Fig. 2A and E). In these samples, the dominant orientation of the fibers changes with the "depth" of the assembly zone, i.e. from the cell surface to the cuticle ( Fig. 2M ), (with ~50 degree shift). We deduce from this observation that during the dark phase, the fibers are secreted to the assembly zone in discrete orientations ( Fig. 2 E-G). However, within the cuticle, the rotation angle between successive sheets is much smaller (in the order of 1 degree). This implies that at night the organization of the fibers to helicoidal structure occurs via a self-assembly mechanism that includes re-orientation and compactization of the fibers, where compactization refers to the process of fiber packing in the radial direction from the cell surface to the cuticle-surface. In Day samples, as the fibers are deposited in their final orientation, compactization occurs without reorientation.
In addition to the microvilli, in both Day and Night samples, we often observed large regions displaying different cell surface structures and a large number of vesicles ( Fig. 3 , Supplementary Information Fig. 5-7 ). These regions are at least as abundant as regions with microvilli. Occasionally, structures resembling the plaques in shape are present in these regions (Supplementary Information Fig. 7) . This cell surface structure shows similarities to that found in kidney epithelial cells during remodeling of microvilli (22) . The assembly zone at this stage is narrower and highly stained such that the fibers cannot be discriminated (Supplementary Information Fig. 4B ). We speculate that this stage may be related to vesicular protein secretion and potentially to remodeling of the microvilli.
Thus, our observations suggest an active cell surface with temporal process with at least two time scales, one in which dynamic microvilli move laterally while depositing chitin fibers and a second stage in which the microvilli disappear and are replaced by vesicles.
3D FIB/SEM is an excellent tool to characterize meso-scale structures like the apical cell surface and the fiber orientation, however this technique is insensitive to the molecular structure and organization of the chitin fiber and associated proteins. In order to gain further insight into the chitin and protein molecular assemblies we used scanning X-ray scattering. Thin sections (~30 µm) of locust hind tibiae were scanned using a monochromatic focused X-ray beam (beam diameter ~1 µm) while 2D X-ray diffraction patterns and X-ray fluorescence (XRF) signals were recorded concomitantly at each position. We used the (110) chitin reflection in order to localize the cuticle and the Zn XRF signal for the localization of the cells. The intersect of the two signals marks the location of the assembly zone ( Fig. 4A and C).
Small angle X-ray scattering (SAXS) provides information about the spatial nano-scale organization of the chitin-protein fibers within the assembly zone and within the cuticle, in the section plane. The SAXS intensity was integrated radially and plotted as a function of the azimuth angle ( Supplementary Information Fig. 8 ). The width of the peaks in this plot is related to the degree of fiber alignment with respect to each other within the (rt) plane (as defined in Fig. 1A ). The SAXS peak-width (FWHM, in units of degrees, Supplementary Information Fig. 8 ) is mapped in Fig. 4B and D across a tibia crosssection in Night and Day samples, respectively. In both cases the SAXS peak width at the assembly zone is broader than the peak width in regions within the cuticle bulk. This is supportive of a compactization process occurring after deposition as discussed above.
X-ray diffraction (XRD) provides information about the molecular structure, the respective organization, and the interaction of chitin with the cuticular proteins (23, 24) . We have recently shown that co-ordering of chitin and proteins along the b-crystallographic direction of chitin, in the tarsal-tendon of the spider Cupiennius salei, gives rise to a shift in the (020) chitin reflection due to coherent scattering (24) . In addition, protein-specific reflections with d-spacing equal to 0.47 nm, characteristic of intra-sheet inter-strand spacing in cross beta-sheet motifs were observed along the meridian in 2D fiber diffraction patters of spider tendons. In order to best identify protein-related reflections in the locust tibia, we reared animals in 24 h light settings. In these conditions, the endocuticle is made only of unidirectional layers (17) . The fiber diffraction profiles obtained from longitudinal sections (~70 µm thick) of such samples show a shift in the (020) reflection of chitin as well as several protein-related reflections along the meridian, at d = 0.47 nm (as observed in the spider tendon diffraction pattern) and at d = 0.43 nm (Supplementary Information Fig. 9 ). Interstrand spacing of 0.47 nm is common for beta-sheet structures as in amyloid structures, whereas spacing of 0.43 nm is common for the inter-strand spacing in silks (25) (26) (27) . Other unassigned reflections with d-spacing of 0.38 nm and 0.77 nm are observed along with additional reflections in the small angle region with d-spacing of 1.5 nm and 3.4 nm (the latter already noted by Rudall et al.
for the cuticle of various insects species (28) ). Based on these results we suggest that at least a large portion of the cuticular proteins contains cross-beta structures where the beta-strand orientation is roughly perpendicular to the chitin fiber long axis in unidirectional cuticle. Although individual protein reflections are not visible in helicoidal cuticles due to their low intensity and their overlap with chitin reflections, the presence of the ordered proteins is evident by apparent peak broadening of the chitin reflections as well as the shift in the (020) reflection.
Based on the structural information gained from unidirectional oriented cuticle, we used scanning Xray diffraction to study the local chitin-protein molecular organization within different cuticular layers as well as within the assembly zone. Here, we used cross-sections of the tibia, such that the fiber orientation in unidirectional layers is parallel to the X-ray beam (similar to SAXS experiment above). In this orientation we identify an additional protein reflection with d-spacing of 1.1 ± 0.05 nm (q = 5.5 nm -1 ). Reflections at these positions are often assigned to inter-sheet spacing in stacking beta sheets when they are accompanied with orthogonal intra-sheet reflections like the ones observed here (d = 0.47 nm). This result is in good agreement with previous prediction of double layer of cross beta-sheet stacking (24) . Note that according to the theory(24), when coherent chitin/protein scattering occurs, a separate protein reflection is unexpected. That this reflection is observed suggests that not all the proteins share a coherent interface with the chitin crystallites and/or that coherence occurs only along the chitin b-direction, while the proteins surround the chitin in all directions in the ab plane.
The (020) reflection of chitin and the protein inter-sheet reflection were peak-fitted for each diffraction profile within the scanned region. Mapping the intensity of the (020) peak ( Fig. 5A ), allows assigning regions of unidirectional organization (high peak intensity) produced during the day, vs.
regions of helicoidal organization (low peak intensity) produced at night. The peak position of the (020) reflection is shifted in the cuticle to lower q values (q = 6.35 nm -1 to 6.4 nm -1 ), with respect to pure chitin (q = 6.61 nm -1 ) as seen before in samples from locusts grown in all-day conditions. In the assembly zone, however, this reflection is closer (q ~ 6.5 nm -1 ) to pure chitin ( Fig. 5B ), suggesting that in this region the proteins and chitin are not yet co-ordered to produce a coherent diffraction interference. A map of the chitin to protein ratio based on the integrated intensity of the protein peak at 5.5 nm -1 and the (020) peak ( Fig. 5C ), as well as the azimuthal integration of 2D patterns taken from the assembly zone ( Fig. 5D ), show that the inter-sheet protein peak has lower intensity in the assembly zone relative to the cuticle (in both unidirectional and helicoidal regions).
Increased protein diffraction in the cuticle accompanied with the (020) peak shift ( Fig. 5 ) suggests chitin-protein co-assembly. Thus, compactization, as observed from SAXS analysis, and co-alignment of chitin and protein, as judged from the XRD analysis, are co-localized implying that co-assembly of the protein and chitin may be the driving force for fiber re-orientation. We note, that the phase diagram of chitin in water is extensively explored. Unfortunately, we cannot relate our findings directly to the lyotropic behavior of chitin as determined from in-vitro experiments in aqueous solutions. Indeed it is well known that chitin forms cholesteric LC phases with different helicoidal pitch depending on e.g. pH, ionic strength and crystallite size (29) (30) (31) . However, the physico-chemical conditions in the assembly zone are to date unknown and the effect of chitin-binding proteins on chitin assembly has not been systematically addressed experimentally in vitro.
In summary, our results suggest that dynamic apical cell surface structures in the cuticular epidermal layer determine the boundary conditions for fiber self-assembly by secreting the fibers into the assembly zone in pre-determined orientations. During the night, when helicoidal fiber arrangement is formed, the fiber orientations are discrete, resembling the microvilli spatial organization, whereas, when parallel fiber arrangement is produced during the day, the fiber orientation in the assembly zone, is parallel to the elongated microvilli ridges structures. The final orientation of the fibers is achieved by concomitant chitin-protein co-ordering and compactization of the cuticle resulting in a stable helicoidal or unidirectional structure in the endocuticle. We note that the helicoidal organization could, theoretically, be produced by employing similar cell surface structure as seen in light conditions and rotating the orientation of the ridges between deposition cycles to produce the rotated plywood structure. This is however not the case, since the apical cell surface structures differ significantly in microvilli morphology between light and dark conditions. This leads us to suggest varying levels of cellular control on the assembly process. Here, the unidirectional arrangement is under direct cellular control on fiber orientation whereas the helicoidal structure is obtained away from the apical cell surface. Based on our X-ray data we propose that chitin-protein co-assembly and protein-protein interactions are the driving forces for the process. Our results provide direct evidence for the two-model system and the self-assembly hypotheses put forward by Neville (16) Fig. 10 ) with tibia submerged into standard locust saline solution (36). We did not observe structural differences in apical cell surface or in the assembly zone that could be related to the developmental stage of sampled animal. Crosssections were vitrified using high-pressure freezing machine (HM100, Leica) in 20 mM dextran solution for cryo-protection. Vitrified samples were freeze-substituted with a fixation and staining cocktail (1% osmium tetroxide, 0.1% uranyl acetate, 0.5% glutaraldehyde, 1.5% water) in acetone for 2 days at -85 °C using automatic-freeze substitution machine (AFS2, Leica). The samples were warmed up to room temperature over 1 day and embedded as described above. Polymerized resin blocks were further polished to expose the cross-sections for block-surface imaging. After coating the surface with carbon and platinum as described above, samples were imaged using FIB/SEM. In chemically fixed samples, the formed fibers in the assembly zone cannot be resolved due to excessive cross-linking leading to over-staining. We therefore used the geometry of the pore canals (Supplementary Information Fig. 2 and 3) to determine the fiber orientation in the last deposited layers: the pore-canals are channels running throughout the cuticle containing cellular processes, characterized by their almond shape cross-section. When the pore canals are passing through lamellate helicoidal cuticle the cross section shows a continuous rotation, which is absent in nonlamellate unidirectional cuticle architecture (16) . . Then, the shift of each image with respect to the first one, D i , was calculated as D i = S i d i . In many cases, curtaining artifacts were visible in the stacks, giving rise to vertical contrast modulation (stripes). To correct for this, we followed the approach described in a recent paper (37), where the depth of the wavelet transform, the wavelet family and the width of the Gaussian filter were visually optimized to obtain a corrected stack with the least contrast and information loss and the largest stripe removal.
Finally, to improve the signal to noise ratio, the image stacks were denoised using the skimage.restoration local denoising filters of the scikit-image python library (v. 0.14.0). Again, the filtering algorithms and parameters were chosen by visually optimizing the corrected images to obtain the largest noise removal with the lowest information loss.
Segmentation of structures of interest was performed semi automatically using a combination of Amira 3D (FEI, USA) and a custom python code implementing state of the art 2D and 3D machine learning methods using Keras and GPU accelerated Tensorflow. For the 2D segmentation between 20 and 30 representative 256 x 256 regions of the image stack were sparsely annotated using Amira 3D.
The images and ground truth labels were augmented using the Keras ImageDataGenerator class by allowing a rotation and shearing. The augmented images were used to train a U-net like network which consists, for the contracting path, of the repeated application of 3x3 convolutions (padding = same) followed by a ReLU activation and 2 x 2 max pooling for downsampling. For the expanding path, every step consists of a 2 x 2 upconvolution concatenated with the corresponding layer of the contracting path and the repeated application of 3x3 convolutions followed by a ReLU activation. A dropout of 0.25 after each max pooling and upconvolution operations was applied. A total of 4 max pooling and upconvolutions were used (depth of the network = 4). On the final layer, a sigmoidal activation was employed.
The input images and the corresponding ground truth labels were used to train the network on a workstation with a single Nvidia Quadro M5000 GPU with 8GB of memory with the adam optimization algoritm, a learning rate of 1e-4 and binary cross entropy as a loss function. Once the loss dropped below 1%, the training was stopped and the network was used to infer the labels on the whole image stack. Although the network would predict the micovilli with a high accuracy, in many of the images would contain a small amount of predicted labels not coinciding with the objects of interests. These were manually deleted from the image stack using Amira 3D.
For the 3D segmentation, a similar workflow was used: first, 2 representative sub volumes (512 x 512
x 512) px 3 of the image stack were selected and densely manually annotated using Amira 3D. From these 2 volumes, we extracted randomly 30 smaller volumes (92 x 92 x 92) px 3 . Each of these 30 volumes was randomly transformed 3 times to generate 3 'augmented' volumes using one of the following transformation: identity, reflection with respect to the x or y or z axis, 10% zoom in or out and 10% dilation or compression on a random axis (x, y or z). The generated augmented volumes were randomly cut to a final size of (64 x 64 x 64) px 3 not containing boundary artifacts associated with the transformation (like for zooming out and compressing). The final 90 volumes (64 x 64 x 64) px 3 were used to train a 3D network with an architecture slightly modified with respect to the one used for the 2D segmentation. The basics building blocks of the network remained unchanged, but we used convolution kernels of (5 x 5 x 5) px 3 , a network's depth of 2 instead of 4 and the layers in the contracting and expanding path were not concatenated.
The network was trained with the same hardware and software implementation as in two dimensions. In this case, the training was stopped once the loss reached a value of 0.05 and the network used to infer the whole volume. Because of the limitation of the GPU memory size (8Gb), the inference was run by tiling the whole volume in tiles of (128 x 128 x 128) px 3 Calibration, integration and data analysis of the 2D diffraction patterns were performed using the software DPDAK (39). DPDAK was also used for background removal and peak-fitting the XRD patterns. For each peak, several fits were performed where the fitting parameters (q position, intensity and peak width) were first varied and then fixed. We used Lorenzian peak-shape for fitting in q space (neglecting micro-strain contribution) and Gaussian peak-shape for fitting in azimuthal 
